The impact of substratum surface property change on biofilm community structure was 19 investigated using laboratory biological aerated filter (BAF) reactors and molecular microbial 20 community analysis. Two substratum surfaces that differed in surface roughness were created via 21 surface coating, which were then used to develop biofilms in the test (modified surface) and 22 
INTRODUCTION 39
Fixed-growth (or biofilm) processes are important environmental biotechnologies for 40 wastewater treatment. The biofilm processes possess numerous advantageous features, including 41 low energy consumption, smaller footprint, and shock load resistance, which are largely 42 attributable to their excellent biomass retention and heterogeneous microbial community 43 structures (28, 40). Traditionally, the substratum surface for biofilm growth has been primarily 44 viewed as a biomass carrier (22-24), while recent studies have shown that the substratum surface 45
properties, such as surface roughness (4, 10), surface hydrophobicity (7, 10) and surface charge 46 The test and control BAF reactors were started up independently three times and operated 111 to steady-state at room temperature (ca. 22ºC). The reactors were inoculated with 5 ml of 112 activated sludge freshly collected from the Honouliuli wastewater treatment plant at Honolulu, 113
Hawaii. The same inoculums were used for the test and control BAF reactors, but different 114 inoculums were used in the independent reactor start-ups. Between different reactor startups, the 115 beads were thoroughly cleaned with sterile DI water, air-dried, and reused in subsequent 116 experiments. A constant air flow (1.0 L/min) was provided for aeration in both reactors 117 throughout the experiments for aeration and agitation. Artificial wastewater with a pH 7.5 (12) 118 was amended with sucrose as the single carbon source to make different influent TOC 119 concentrations. The first reactor start-up used a flow rate of 0.24 L/h and an influent TOC 120 concentration of 82 mg/L, while the second reactor start-up used a flow rate of 0.58 L/h and an 121 influent TOC concentration of 190 mg/L, resulting in a higher organic loading rate. A third 122 reactor start-up was performed specifically to quantify biofilm biomass quantity, and used the 123 same organic loading as the second reactor startup. Steady-state operation was indicated by the 124 maintenance of a stable effluent TOC concentration for multiple days. 125
Biofilm biomass quantification. The amount of biofilm biomass was estimated using both 126 culture-dependent heterotrophic plate count (HPC) and culture-independent 16S rRNA gene-127 based qPCR quantification. Three beads were randomly collected from each BAF reactor daily 128 as replicates during the third reactor startup. The beads were placed in individual 129 microcentrifuge tubes with 0.8 mL of sterile deionized (DI) water and 0.2 g of glass beads (ca. 130 7 extracts underwent 10-fold serial dilution before plate-counted on TSA agar plates, which were 133 incubated at 37 0 C for 2 days before colony enumeration. The biomass was expressed as HPC per 134
bead. 135
For 16S rRNA gene-based qPCR quantification, the extracted biomass were first 136 centrifuged at 13,000 x g for 10 min to pellet the biomass, which was then subjected to total 137 genomic DNA extraction using the PowerSoil® DNA isolation kit (MO-BIO, Carlsbad, conducted by increasing the air flow rate to 5 L/min, which was necessary to remove excessive 160 biomass buildup in the BAF reactors. Each organic loading rate was operated for two days, 161 which was the longest time needed to reach steady state operation in the BAF system under the 162 maximum loading rate used in this study, before samples were taken for subsequent analysis. For 163 each organic loading level, the influent and effluent of the BAF reactors were simultaneously 164 sampled to determine TOC removal efficiency. 165 PCR and DGGE. The steady-state BAF reactors during the first two reactor start-ups 166 were sampled by randomly collecting five biofilm-bearing beads at different depths of the 167 reactors, which were used as biofilm sample replicates. Biofilm biomass extraction from the 168 samples and total genomic DNA extraction followed the procedure described above. PCR-169 DGGE analysis of the bacterial community was based on the procedure described previously by 170 Feng et al. (11) . Briefly, the SYBR Green I-stained gels were visualized on a UV 171 transilluminator, and the gel digital image was analyzed using the GelCompar software package 172 Potential chimeras in the denoised sequences were detected and removed using the de novo 188 method of UCHIME with the entire sequence reads of the region as reference. The resulting 189 sequence reads were then quality checked to remove sequences with low quality tags, primers, or 190 ends and shorter than 250 bp. The resulting high quality sequence reads were then queried 191 against a high quality 16S rRNA gene database derived from NCBI using BLASTN+ 192 (KrakenBLAST). The BLAST queries generated identity scores to well characterized 16S rRNA 193 gene sequences, and different threshold identity scores were used for the resolution at different 194 taxonomic levels (the species level, > 97% identity; the genus level, 95% -97% identity; the 195 family level, 90% -95% identity; the order level, 85% -90% identity; the class level, 80 -85% 196 identity; and the phyla level, 77% to 80% identity). Test 2) than the control reactor (54.4% for Control 1 and 52.1% for Control 2). 265
Twelve major bacterial species (relative abundance > 1%) and five dominant species 266 (relative abundance > 10%) were detected, and their relative abundances differed between the 267 test reactor and the control reactor ( Figure 5) The surface modification procedure in this study resulted in two surfaces with different 279 surface roughness and similar hydrophobicity (Table 1) . Surface roughness and hydrophobicity 280 were targeted in the surface modification because they were generally considered as important 281 factors in biofilm formation. Surface roughness helps biofilm development through the provision 282 of nearby surfaces to which detached biofilm pieces can re-attach (10), and thus enhances 283 bacterial adhesion and biofilm retention (4, 10, 34), while surface hydrophobicity can affect 284 bacterial adhesion and subsequent biofilm growth (7, 10) . It is experimentally difficult to 285 determine the contribution of individual surface properties to the observed biofilm microbial 286 community change, primarily due to the technical difficulties in creating surfaces that differed 287 only in one surface property. For example, the two surfaces in this study also differed in surface 288 One limitation of DGGE, however, is that the sensitivity threshold of this method is 305 estimated to be 1% of the total population (25) and hence the DGGE-based community analysis 306 was limited to detecting only the major bacterial species. While the major microbial populations 307 are often the focus of microbial community characterization because of their expected significant 308 contribution to the process outcome, the rare populations may also play important roles. Rare 309 populations are essential for maintaining microbial diversity, which confers functional 310 robustness and versatility against environmental perturbation and environmental changes (32). 311
Rare populations may also be more metabolically active than the major species, thus contributing 312 disproportionally to ecosystem functions (20). The barcoded pyrosequencing of 16S rRNA gene 313 amplicons, due to its ability of generating a large number of sequence reads for each sample, 314 provided a very useful tool to capture both major and rare species. Out of the 72 unique bacterial 315 populations detected, twelve were identified as major populations based on a relative abundance 316 cutoff value of 1%, while the rest (also the majority) belong to rare populations (Figure 4) . 317
The detection frequencies of unique sequence reads from pyrosequencing efforts are 318 commonly used to estimate the relative abundance of bacterial populations in the community 
